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MICRO MIRROR ARRAYS AND 
MICROSTRUCTURES WITH SOLDERABLE CONNECTION SITES 

BACKGROUND 

The present invention is directed to a microstructure system or a mirror array, and more 
particularly, in one embodiment to an array of individually movable mirrors for use in an optical 
cross connect engine. . 

In fiber optic communication systems a plurality of optical fibers are used to transmit 
light signals in a well-known manner. In order to route the light signals to the desired 
destination, fiber optic communication systems may include a plurality of optical cross connect 
engines dispersed throughout the system. The optical cross connect engines may function as 
"junction boxes" to route the light signals between various optical fibers in the desired manner. 
The optical cross connect engines can include a plurality of mirrors and optical tools to route 
light signals between the various optical fibers. The mirror arrays typically are or include micro 
electro mechanical systems ("MEMS") formed by MEMS processing methods. 

Most existing mirror arrays require electrodes and a relatively complex system of control 
electronics electrically coupled to the electrodes to control and coordinate the voltages that are 
applied to the electrodes, which in turn controls movement of the mirrors. In many existing 
optical cross connect engine MEMS systems, the control electronics may be located on a first 
wafer, wafer portion or die and the components to be controlled may be located on a second 
wafer, wafer portion or die. The first wafer can then be located adjacent to the second wafer, and 
connections between the first and second wafer can be completed via wire bonds so that the 
control electronics can control the components to be controlled. However, in this case, the 
control electronics must be coupled to the electrodes by a large number of wire bond 
connections, and is therefore time consuming and expensive to assemble. In addition, the 
parasitic effects of the large number of wire bonds can reduce the effectiveness of the device. 



SUMMARY 

In one embodiment, the present invention is a micro mirror array which includes an upper 
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wafer, wafer portion or die and a lower wafer, wafer portion or die and a set of connection sites 
located on the lower die and outside of the coverage area of the upper die which can enable easy 
access to the connection site. In particular, in one embodiment the invention is a micro mirror 
array including an upper wafer portion having a plurality of movable reflective surfaces located 
thereon, the upper wafer portion defining a coverage area in top view. The array further includes 
a lower wafer portion located generally below and coupled to the upper wafer portion. The 
lower wafer portion includes at least one connection site located thereon, the at least one 
connection site being electrically or operatively coupled to at least one component which can 
control the movement of at least one of the reflective surfaces. The at least one connection site is 
not generally located within the coverage area of the upper wafer portion. 

In another embodiment, the invention is a microstructure having a solderable surface. In 
particular, in one embodiment the invention is a microstructure system including a wafer portion 
including a microstructure formed therein, located thereon or supported thereby. The 
microstructure system also includes a solderable surface configured to receive an electronic 
component thereon in a direct attachment manner, the solderable surface being formed on, 
located on, or supported by the wafer portion. The solderable surface is electrically or 
operatively coupled to the microstructure such that an electronic component coupled to 
solderable surface can control, operate or receive inputs from at least part of the microstructure. 

In another embodiment, the invention is a microstructure system including an upper 
wafer or wafer portion including a microstructure formed therein, located thereon or supported 
thereby, the upper wafer portion defining a coverage area in top view. The system further 
includes a lower wafer or wafer portion located generally below and coupled to the upper wafer 
or wafer portion. The lower wafer or wafer portion includes an electronic component located 
thereon or supported thereby, the electronic component being electrically or operatively coupled 
to the microstructure such that the electronic component can control, operate or receive inputs 
from at least part of the microstructure. The electronic component is generally not located within 
the coverage area of the upper wafer portion. 

In yet another embodiment, the invention includes the use of an adhesive or 
photopatternable material to join wafers or portions of a microstructure together, or to 
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electrically isolate portions of a wafer or microstructure. 

Other objects and advantages of the present invention will be apparent from the following 
description and the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic representation of an optical cross connect engine; 
. ■ Fig. 2 is a top plan view of one embodiment of the mirror array of the present invention; 

Fig. 3 is a detail view of a portion of the mirror array of Fig. 2; 

Fig. 4 is a top view of selected upper components of the mirror array of Fig. 3; 

Fig. 5 is a perspective exploded view of the portion of the mirror array of Fig. 3; 

Fig. 6 is a representative cross section taken along line 6-6 of Fig. 3; 

Fig. 7 is a representative cross section taken along line 7-7 of Fig. 3; 

Fig. 8 is a schematic representation of a mirror of one embodiment of the mirror array of 
the present invention, illustrated in various rotational positions; 

Figs. 9-1 1 are a series of side cross sections illustrating a series of steps that may be used 
to form/singulate a mirror array; 

Figs. 12-14 are a series of side cross sections illustrating a series of steps for coupling 
wafers together; and 

Figs. 15-19 are a series of side cross sections illustrating a series of steps for depositing a 
passivation layer and bonding wafer portions. 

DETAILED DESCRIPTION 
As shown in Fig. 1, the mirror array of the present invention, generally designated 10, 

can be used with or as part of an optical cross connect engine, such as a photonic or optical cross 

... i ■ ' ■ . 

connection engine ("POXCE"), generally designated 12. A plurality of fiber optic cables 14 
(only one of which is shown in Fig. 1) may be coupled to the optical cross connect engine 12. 
Each fiber optic cable 14 may include a plurality of individual optical fibers 16 encased therein. 
Each optical fiber 1 6 may carry or transport a light signal or beam 1 8. 

In one embodiment, each beam 18 from each optical fiber 16 that is coupled to the optical 
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cross connect engine 12 may be passed through a lens 20 that focuses each beam 1 8 upon a 
diffraction grating lens system 22. The grating lens system 22 can separate each beam 18 into a 
plurality of wavelength channel beams 19. Each wavelength channel beam 19 can represent a 
discreet wavelength that carries a signal, and each beam 18 and fiber 16 can typically carry a 
large number of discrete wavelength channel beams or signals, for example, up to 160 or more 
signals. The dispersed wavelength channel beams 19 may then be passed through a lens 24 and a 
quarter-wave plate 26 to compensate for the polarization sensitivity of the grating. However, the 
POXCE may utilize various methods and means for routing signals and beams, and need not 
necessarily include wavelength switching or other methods/components described above. 

The wavelength channel beams 19 may then reach the mirror array 10, also known as a 
micromechanical switching matrix. The mirror array 10 may include a plurality of movable 
mirrors or reflective surfaces such that the incoming signals 19 bounce off of the mirrors and are 
routed in the desired direction. The reflected signals 19 can then be passed back through the 
quarter-wave plate 26, lens 24, diffraction grating lens system 22 and lens 20, and may then be 
routed to the desired optical fiber 16 for further transportation. 

In this manner the mirror array 10 can redirect light signals from a departure optic fiber to 
a destination optic fiber. The departure optic fiber may be the same as the destination optic fiber 
(Fig. 1), or they may be different (not shown in Fig. 1). Furthermore, the departure optic fiber 
may be in the same cable 14 as, or in a different cable from, the destination optic fiber. In other 
words, signals can be routed from any optic fiber connected to the cross connect engine to any 
optic fiber connected to the cross connect engine. 

As shown in Fig. 2, the mirror array 10 may include a plurality of movable mirrors 30 
formed in an array, with each mirror 30 including a reflective surface 31 located on an associated 
movable portion 32. The reflective surfaces 31 can be made from nearly any material that 
reflects the light signals to be transmitted (which can be infrared light). The reflective surfaces 
31 can be made of a metal, such as gold. However, nearly any metal or material which can 
reflect the desired wavelength of energy may be used as the reflective material 3 1 . The 
reflective material 3 1 may have a reflectivity of greater than about 95% at infrared wavelengths, 
and it has been found that gold is an appropriate material that may be used to reflect infrared 
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radiation. 

Each of the mirrors 30 may be relatively small (i.e., in one embodiment on the order of 
about 20 microns x 20 microns), and the array 1 0 can include nearly any desired number of 
mirrors 30 (i.e., in one embodiment about 500 mirrors). Each movable portion 32 may be able to 
be rotated to move its associated reflective surface 31 into the desired configuration to reflect 
light signals in the desired manner. 

As shown in greater detail in Figs. 5-7, the mirrors 30 may be located on an upper wafer 
34. The upper wafer 34 may include or be made up of two separate wafers or wafer portions 
which are joined together to form the upper wafer 34. The upper wafer 34 may thus be a silicon- 
on-insulator wafer, and/or be made of or include silicon-on-insulator wafers. The upper wafer 34 
may include a base portion 36, and each of the movable portions 32 may be movably coupled to 
the base portion 36. As shown in Fig. 4, each movable portion 32 may be defined by a set of cut 
outs or recesses 40, 42, 48, 50 formed in, and extending through the thickness of, the upper wafer 
34. For example, the inner cut outs 40, 42 may extend generally around the outer periphery of 
each movable portion 32. The ends of the inner cut outs 40, 42 may be slightly spaced apart to 
define a pair of narrow inner arms 44, 46 located on opposite sides of the associated movable 
portion 32. In this manner, the portion of the upper wafer 34 located inside the inner cut outs 40, 
42 may be rotatable about an axis A defined by the inner arms 44, 46. 

The upper wafer 34 may also include a set of outer cut outs 48, 50 that extend generally 
around the outer periphery of each movable portion 32. The ends of the outer cut outs 48, 50 
may be spaced apart to define a pair of outer arms 52, 54 located on opposite sides of the 
associated movable portion 32. Each movable portion 28 may thus include an intermediate 
surface 58 located between the inner 40, 42 and outer 48, 50 cut outs. In this manner, the 
portions of the upper wafer 34 located inside of the outer cut outs 48, 50 (including the 
intermediate surface 58) may be rotatable about an axis B defined by the outer arms 52, 54. 
Thus the inner 40, 42 and outer 48, 50 cut outs and inner 44, 46 and outer 52, 54 arms define 
movable portions 32 that may double gimbaled, or independently pivotal, about both axes A and 
B. Of course, various other structures and assemblies for pivotally and/or movable mounting 
mirrors 30, as well as various other biasing and spring mechanisms may also be used. 
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As shown in Figs. 6 and 7, the upper wafer 34 may be a silicon-on-insulator wafer which 
may include a lower silicon layer or support layer 60, an upper silicon layer 62, and an insulating 
layer 64 (such as silicon dioxide) located between the upper 60 and lower 62 silicon layers. The 
lower layer 60 may have a thickness of about 100 microns, and the upper layer 62 may have a 
thickness of about 10 microns (the relative thicknesses of the various layers are not necessarily 
shown in scale in the accompanying drawings). The insulating layer 64 (as well as the other 
insulating/passivation layers discussed herein) may be a silicon dioxide layer having a thickness 
of about 1 micron,, but could also be nearly any insulating or dielectric layer of any desired 
thickness. Of course, the thickness and materials of the layers 60, 62, 64 can be varied as desired 
to meet the requirements of the array 10 or other microstructure. 

The lower layer 60 and upper layer 62, and in particular the upper layer 62, may be made 
of doped silicon or other semiconductor material such that the upper layer 62 has a relatively 
high electrical conductivity. However, the lower layer 60 and upper layer 62 can also be made 
from a variety of other materials besides silicon, such as amorphous silicon, polysilicon, silicon 
carbide, germanium, polyimide, ceramics, nitride, sapphire, silicon nitride, glasses, 
semiconductor material, a combination of these materials or nearly any other machinable or 
micromachinable material. In any case, because the movable portions 32 are formed in the upper 
layer 62, the upper layer 62 may be electrically conductive or have an electrically conductive 
material located thereon such that the movable portion 32 can be moved by electrical or 
electrostatic forces, as will be discussed in greater detail below. 

The upper layer 62 may have the desired thickness of the movable portions 32 and 
associated arms 44, 46, 52, 54. More particularly, the cut outs 40, 42, 48, 50 may be formed in 
or through the upper layer 62 to form the intermediate portion 58 and inner arms 44, 46 and outer 
arms 52, 54. 

The upper wafer 34 may be coupled to a lower wafer 66 that is located below the upper 
wafer 34. The lower wafer 66 may be a silicon-on-insulator wafer having a silicon layer 67 and 
an insulating layer 69. The lower wafer 66 may include or be made up of two separate wafers or 
wafer portions which are joined together to form the lower wafer 66. The lower wafer 66 can 
also be a standard silicon wafer, or can be made of a variety of semiconducting materials beyond 
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silicon, such as GaAs or InP, as well as the materials listed above for the upper wafer 34, or can 
also be or include a glass or ceramic substrate, or a printed circuit board. 

The upper wafer 34 and lower wafer 66 can be coupled together by a variety of methods 
and structures, including but not limited to benzocyclobutene (BCB) bonding (which will be 
discussed in greater detail below). The bond between the upper 34 and lower 66 wafers may be 
desired to be electrically insulating. Further, because elevated temperatures can damage certain 
components of the mirror array 10, it may be desirable to use relatively low temperature bonding 
or other coupling procedures for coupling the upper 34 and lower 66 wafers. For example, it 
may be desired to use adhesive or coupling medium having a reflow temperature of less than 
about 125° C, or to use a coupling procedure which takes place at a temperature less than about 
125° C. 

As shown in Figs. 3, 5-7 and 9-1 1, the mirror array 10 may include a plurality of posts 68 
that extend between the lower wafer 66 and upper wafer 34 and that may consist of bonding 
materials. However, a wide variety of other structures may extend between the upper 34 and 
lower 66 wafers in order to couple the wafers together, including portions of the upper 34 or 
lower 66 wafers themselves. 

The lower wafer 66 may include a plurality of electrodes or conductive surfaces 70, 72, 
74, 76 located on an upper surface 75 of the lower wafer 66.' The electrodes 70, 72, 74, 76 can 
be activated (such as by applying a voltage to the electrodes or a voltage across the electrodes 
and the mirrors 30, reflective surfaces 31 and/or movable portions 32) to control movement of 
the movable portions 32 and associated reflective surfaces 31. As shown in Figs. 3-5, each 
mirror 30 may have an associated set of electrodes 70, 72, 74, 76 located below each mirror 30. 
The set of electrodes can include a pair of actuating electrodes 70, 72 and a pair of adjustment 
electrodes 74, 76. The lower wafer 66 may include a protective coating (not shown) such as an 
oxide or other passivation layer located on the lower surface 75, and in particular over the 
electrodes 70, 72, 74, 76 to protect the electrodes 70, 72, 74, 76 and prevent/limit oxidation 
thereof. 

The mirror array 10 may include a plurality of solderable surfaces 88, or electrical 
connection sites 88, or flip chip connection sites 88, located around the perimeter of the array of 
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mirrors 30. The flip chip connection sites 88 may be located on the lower wafer 66, and each of 
the flip chip connection sites 88 may include a plurality of pads 80 of conductive material. The 
pads 80 may be made of any desired material and formed by any of a wide variety of 
manufacturing methods. For example, the pads 80 can be a eutectic alloy or other metal (such as 
solder, gold, or other metals), or other conductive materials, and can be formed, created or 
manufactured by evaporation, electroplating, screen printing, needle depositing, electroless 
plating, adhesive, or direct deposition. Each pad 80 may be made of a material or materials 
which are solderable surfaces; that is, surfaces which can be electrically or operatively coupled 
to another component or surface by solder connections. In one embodiment, each pad 80 may 
include gold, as the top-most layer, with the gold being located on a nickel layer, and the nickel 
layer being located on a titanium layer. The titanium layer may be located on an aluminum pad 
or other layer. However, each pad 80 can be made from a wide variety of materials to form 
solderable surfaces. 

The pads 80 may be formed to accommodate solder bump flip chips, plated bump flip 
chips, stud bump flip chips, adhesive bump flip chips, or other types of flip chips. Due to the 
materials of the pads 80 and flip chip bonding sites 88, the pads 80 and flip chip bonding sites 88 
may be made of materials having a relatively low melting temperature, such as, for example, less 
than about 250°C, or less than about 300°C, or less than about 400°C. Thus, in subsequent 
processing steps care should be taken to not exceed the melting point of the pads 80 and flip chip 
bonding sites 88. 

In the illustrated embodiment twenty-five pads 80 are arranged in a 5x5 array to form a 
connection site 88. As. schematically shown in Figs. 6 and 7, at least one of the pads 80, or each 
of the pads 80, may be electrically or operatively coupled to at least one of the electrodes 70, 72, 
74, 76 to control the actuation of the electrodes 70, 72, 74, 76, and each pad 80 may be 
electrically isolated from any adjacent pads 80. 

The pads 80 and connection sites 88 may be arranged to be electrically or operatively 
coupled to a chip 81 or other electronic component that is located on and supported by the lower 
wafer 66. For example, each connection site 88 may be able to accept. a chip 81 thereon by flip 
chip bonding or flip chip coupling (also known as direct chip attach) which involves placing a 
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chip, having electrical contacts, directly onto the flip chip connection sites 80 so that the contacts 
of the chip are electrically and/or operatively coupled to the pads 80 in a well known manner. 
For example as shown in Fig. 8, a chip 81 having a plurality of output bumps or contacts 83 is 
located on top of and coupled to the connection site 88, pads 80 and/or lower wafer 66. The chip 
81 is then coupled to the connection site 88 (such as by soldering, conductive adhesive, etc.) to 
electrically connect the chip 81 to the connection site 88. The pads 80 may thus be arranged in 
the same pattern of the output contacts 83 to ensure that the connection sites 88 are shaped to 
properly receive a chip 81 thereon. Thus, although the illustrated embodiment shows the 
connection sites 88 as including a square 5x5 array of pads 80, the pads 80 may be sized, shaped 
and arranged in nearly any manner to accommodate the size, shape and arrangement of output 
contacts 83 of the flip chip 81 desired to be used with the array 10. 

The chip 81 may be any electronic component, including a processor, electronics, 
memory, circuitry, ASIC, processor, controller, logic chip, or the like, and may include a 
plurality of transistors, such as CMOS transistors (not shown). The chip 81 may provide the 
logic circuitry for controlling the application of voltages to the electrodes 70, 72, 74, 76. Of 
course, the chip 8 1 may include nearly any electronic component(s) that can provide the logic 
and routing circuitry for directing the desired voltages to the electrodes 70, 72, 74, 76 in the 
desired manner. However, CMOS transistors may be preferred as the logic circuitry and as a 
high voltage driver because CMOS transistors use relatively low amounts of power and generate 
relatively little heat. The CMOS transistors or other logic circuitry may be coupled together in a 
multiplexed fashion. 

Alternately, or in addition, the chip 81 may include an external connection location 85 to 
enable the chip 81 to be connected to an external processor, printed circuit board, controller, 
computer, CPU or the like, for example, via a wire bond, ribbon, or other connection method. 
For example, in one case the chip 81 may be coupled to a PCB with wirebonds, and the PCB 
may be coupled to a processor, controller or computer with a ribbon cable. Further, although 
Fig. 8 illustrates only a single chip 81, additional ones of the connection sites 88, or all of the 
connection sites 88 of the array 10, may include a chip 81 located thereon, and each of the chips 
81 may be coupled to external processor, controller, computer, CPU or the like. Each chip 81 
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may be electrically connected or coupled to electrodes 70, 72, 74, 76 for selected ones of the 
mirrors 30, or be electrically connected or coupled to electrodes 70, 72, 74, 76 for selected rows 
and/or columns of the mirrors 30. Each chip 81 may also be electrically connected or coupled to 
the mirrors 30 (i.e. to the reflective surfaces 31) so that a voltage differential between the 
electrodes 70, 72, 74, 76 and the mirrors 30 can be maintained and controlled. The mirrors 30 
(i.e. the reflective surfaces 31) may instead be grounded so that the voltage differential between 
the electrodes 70, 72, 74, 76 can be precisely known. 

As can be seen in Fig. 2, in the illustrated embodiment, in top view the upper wafer 34 is 
generally rectangular and is located within the perimeter of the generally rectangular lower wafer 
66. In other words, the upper wafer 34 is located within or contained within the "coverage area" 
or "footprint" of the lower wafer 66 in top view. Thus, in this case the lower wafer 66 includes 
an "underhang" portion 87 protruding outwardly relative to the upper wafer 34, or not covered 
by or located under the upper wafer 34. 

Each of the connection sites 88 may be located on the underhang portion 87 to ensure that 
the connection sites 88 can be easily accessed to enable a chip 81 to be easily coupled to each 
connection site 88. In this manner, each connection site 88, as well as each chip 81, may be 
located outside the coverage area or footprint of the upper wafer 34. Further, the footprint of the 
lower wafer 66 need not necessarily be larger than the footprint of the upper wafer 34. Instead, 
all that is required is that the lower wafer 66 have a surface upon which a connection site 88 can 
be located, wherein that surface is not covered by or located below the upper wafer 34. Thus, the 
underhang portion 87 provides a surface upon which a chip 81 can be easily coupled. 

For example, the coverage area or footprint of the upper wafer 34 may be viewed as the 
shadow cast by the upper wafer 34 by a light source located directly above the upper wafer 34. 
Thus, the portions of the lower wafer 66 which are not located directly below a portion of the 
upper wafer 34 may be considered to be outside the coverage area of the upper wafer, even if 
those portions of the lower wafer 66 are located away from the outer perimeter of the upper 
wafer 66 (i.e. are located below an opening formed in the upper wafer 34) or adjacent to irregular 
outer edges of the upper wafer 34. 

By providing the connection sites 88 which can receives chips 81 thereon, the entire array 
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10 can be manufactured without having any chips or complex electronics located on the array 10, 
which can be suspect to damage during manufacturing. After the array 10 is manufactured, or 
even after the array 10 is shipped to a customer, the chips 81 may then be coupled to the 
connection sites 88 as a final assembly step. Furthermore, the manufacturing of the mirrors 30 
and the body of the array 10 can be manufactured separately from the electronics or chips 81. 
Thus, through this "modular" manufacturing, unacceptable arrays 10 and chips 81 can be 
discarded before assembly, thereby improving the yield of the end product. The use of a chip 81 
and flip chip manufacturing also reduces the need for wire bonding and improves efficiency of 
manufacturing and the robustness of the array 10, and may reduce parasitic effects and improve 
transmission speed. 

In order to operate the mirror array 10 of Figs. 2-7, a processor, controller, computer or 
CPU or the like is connected to all or selected ones of the chips 81. The controller can then 
provide signals to the chips 81, -which are processed and analyzed by the chips 81 to determine 
how to apply various voltages in the desired manner to the desired electrodes 70, 72, 74, 76. 
Further, a specific mirror or mirrors, or mirror address(es) may be provided from the controller 
for actuation. 

For example, as best shown in Fig. 6, in order to rotate the mirror 30 shown therein, a 
positive or negative AC or DC voltage may be applied to the actuating electrode 72 (i.e. across 
the electrode 72 and the associated mirror 30). The amount of voltage applied to the electrode 72 
can be any amount of voltage to achieve the desired rotation, for example, in one case about 200 
volts. The mirror 30 and/or reflective surface 31 and/or movable portion 32 may be grounded 
by, for example, grounding each mirror to the bulk of the upper wafer 34. The voltages in the 
actuating electrode 72 creates an electrostatic force that causes the conductive movable portion 
32 to rotate in the direction of arrow C (i.e., about axis A and about inner arms 44, 46 (see Figs. 
4 and 8)). As the movable portion is rotated or tilted, the reflective surface 31 located thereon is 
also thereby tilted to the desired configuration. The degree of rotation of the movable portion 32 
can be controlled by the voltages applied to the electrode 72. In this manner each mirror 30 can 
be rotated to the desired inclination to reflect an incoming light signal in the desired direction. 

When the movable portion 32 and reflective surface 31 are rotated about axis A, the inner 
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arms 44, 46 are twisted or placed in a state of tension/compression. Thus, when the voltage 
applied to the actuating electrode 72 is removed or sufficiently reduced, the movable portion 32 
and mirror 30 may rotate in the direction opposite to arrow C to return the movable portion 32 to 
its neutral position shown in Fig. 6. In this manner, the spring force of the inner arms 44, 46 
returns the movable portion 32 and mirror 30 to their neutral position. Thus, the forces applied 
by the electric field of the actuating electrode 72 must overcome the spring force of the arms 44, 
46 in order to cause rotation of the associated movable portion 32. The movable portion 32 can 
be moved in the direction opposite to arrow C by applying a voltage to electrode 70 while the 
mirror 30 is grounded. 

The adjustment electrodes 74, 76 can be used to provide another degree of freedom to the 
movable portion 32. In other words, a voltage can be applied to the adjustment electrodes 74, 76 
to set up an electrical field that can cause the movable portion to rotate about the outer arms 52, 
54 (about axis B of Fig. 4) and in the directions of arrow D (Fig. 7). 

In this manner, the external controller and/or the chips 81 can execute control over each 
set of electrodes 70, 72, 74, 76 associated with each movable portion 32 and mirror 30 to 
simultaneously control the movement of each mirror 30. The array 10 can thereby be controlled 
by the controller and/or chips 81 to reflect a large number of beams of light signals to carry out 
the switching function of the mirror array 10. As noted above, the mirrors 30 may be grounded 
so that the voltage differential between the electrodes 70, 72 and the mirrors 30 can be precisely 
controlled. 

Figs. 9-11 illustrate a method for forming/singulating the mirror array 10 of Figs. 2-8, 
although various other methods of forming the mirror array 10 may be used without departing 
from the scope of the invention. The array 10 may be batch processed such that a plurality of 
movable portions, reflective surfaces, mirrors, electrodes, control electronics and the like are 
simultaneously formed on a wafer or wafers. However, for ease of illustration, Figs. 9-11 
illustrate only two adjacent mirrors and the associated components being formed. Further, Figs. 
9-1 1 are representative cross-sections which are intended to illustrate various features of the 
manufacturing process, and may not identically represent a cross-section of the device. 

Fig. 1 1 illustrates two adjacent mirrors 30. However, it should be understood that each 
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mirror 30 shown in Fig. 1 1 may be only a single mirror in an array of mirrors. For example, the 
left-hand mirror 30 shown in Figs. 1 1 may be only a single mirror 30 of a larger array 10a and 
the right-hand mirror 30 may be only a single mirror in a larger array 10b. 

The process may begin by providing/forming an upper wafer 34 which can include a 
plurality of inner arms 44, 46, outer arms 52, 54, base portions 36, movable portions 32, cut outs 
40, 42, 48, 50, etc. The inner arms 44, 46, outer arms 52, 54, base portions 36, movable portions 
32, cut outs 40, 42, 48, 50 can be formed by various processes and methods, including deep 
reactive ion etching ("DRIE") through upper wafer 34 or the upper layer 62 of the upper wafer 
34. The movable portions 32 may or may not include the reflective material 30 located thereon. 
The upper wafer 34 may be processed to various stages of completion, and in the illustrated 
embodiment the upper wafer 34 is nearly completely processed except for the addition of the 
reflective material 30. 

A lower wafer 66 may then be provided. The lower wafer 66 may also include the 
metallization portions located thereon, such as a plurality of electrodes 70, 72, 74, 76, pads 80 
and bonding sites 88. The pads 80 and bonding sites 88 may be formed on what will ultimately 
form the underhang portions 87. 

The upper wafer 34 may then be bonded or coupled to the lower wafer 66. Any of a wide 
variety of methods for attaching the upper 34 and lower 66 wafers may be used. However, it 
may be preferred that the upper 34 and lower 66 wafers be coupled at a relatively low 
temperature, such as, for example, temperatures less than about 250°C to protect the solderable 
surfaces, such as the bonding sites 88 and pads 80. Low temperature bonding can also reduce 
the stress effects caused by materials having differing coefficients of thermal expansion, reduce 
the diffusive migration and oxidation of materials, and provide a process which is easier to 
control and implement. The bonding or coupling process may take place at a temperature below 
the melting or reflow temperature of the metallization of the. lower wafer 66, such as the pads 80 
and flip chip connection sites 88. For example, a bonding or coupling process which can take 
place at temperatures below 400°C, or below 300°C, or below 250°C may be used to couple the 
upper wafer 34 and lower wafer 66. 

In one embodiment, the upper 34 and lower 66 wafer are coupled by a BCB bonding 
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process, which is discussed in detail below and shown in Figs. 12-14. The BCB or other suitable 
bonding processes may protect the metallization of the lower wafer 66, which may have a 
melting or reflow temperature of around or below 250°C, 300°C or 400°C. As noted above, it 
should be appreciated that the upper 34 and lower 66 wafers may be processed to various stages 
of completion prior to their bonding or coupling, and further processing of the upper 34 and 
lower 66 wafers after bonding or coupling may be required to produce the upper 34 and lower 66 
wafers in their states shown in Fig. 9. 

After the assembly of Fig. 9 is provided, a pair of upper singulation etches or cavities 91 
may be formed through the thickness of the upper wafer 34, and the lower wafer 66 may then be 
etched to include a pair of lower singulation cavities 89, or partial etches, formed through a 
portion of the thickness of the silicon layer 67. Either or both of he upper singulation cavities 91 
and lower singulation cavities 89 may also be formed prior to coupling the upper wafer 34 and 
lower wafer 66 together. The cavities 89, 91 may be formed by DRIE or other suitable etching 
methods. In the illustrated embodiment the lower singulation cavities 89 do not extend entire 
through the thickness of the lower wafer 66, but may extend more than one half the thickness of 
the silicon layer 67, such as, for example, about 2/3 through the thickness of the silicon layer 67 
to leave a relative thin tab 95 above the singulation cavities 89. However, both or either of the 
singulation cavities 89, 91 may extend completely or partially through the associated wafer. 

The singulation cavities 89, 91 may be formed in or adjacent to a body portion 93 located 
between two separate arrays 10a, 10b which are desired to be singulated (i.e. separated or 
divided). A plurality of singulation cavities 89, 91 beyond those shown in Fig. 10 may be 
formed or etched wherever the wafers 34, 66 are desired to be singulated or separated into sub- 
wafers or wafer portions 

Each of the cavities 89, 91 may extend generally vertically, or generally perpendicular to 
the arrays 10a, 10b, or generally perpendicular to the wafers 34, 66. The upper singulation 
cavities 91 may be laterally offset from (i.e. not vertically aligned with) the lower singulation 
cavities 89. For example, each upper singulation cavity 91 may be located closer to the 
associated, adjacent mirror 30 or array 10a, 10b than the associated lower singulation cavity 89. 
In other words, the left hand upper singulation cavity 91 may be located closer to the left hand 
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mirror 30 or movable portion 32 of Fig. 10 than the left hand lower singulation cavity 89, and the 
right hand upper singulation cavity 91 may be located closer to the right hand mirror 30 or 
movable portion 32 than the right hand lower singulation cavity 89. As will be discussed below, 
the offset nature of the singulation cavities 89, 91 enable the adjacent arrays 10a, 10b to have the 
underhang portion 87 upon which the bonding sites 88 and chip 81 can be located. 

As shown in Fig. 1 1, if not previously deposited the reflective material 31, such as gold 
or another metal, may then be deposited on the movable portions 32 to form the mirrors 30 
thereon. The reflective material may be deposited by sputtering a metal through a shadow mask 
and onto the movable portion 32, or by any other acceptable process. 

The tabs 95 may then be broken to separate the adjacent arrays (10a and 10b) from each 
other, and the body portion 93 located between the arrays 10a, 10b can be discarded. The offset 
nature of the cavities 89, 91 enables each lower wafer 66 to have a larger footprint than the upper 
wafer 34 to provide the underhang portions 87. In other words, each of the arrays 10a, 10b is 
singulated along a dividing line 97 (Fig. 10) which includes two offset, generally vertically 
extending portions (defined at least partially by the cavities 89, 91) 

A wide variety of configurations of the dividing lines 97 and upper cavities 91 and lower 
cavities 89 may be used. For example, the tab 95 can be located at nearly any location 
throughout the thickness of the of the upper 34 or lower 66 wafers and need not necessarily be 
located above the lower singulation cavity 89. Further, instead of having two spaced lower 
cavities 89, only a single lower cavity 89 maybe used. 

Next, if desired, a cap (not shown) may be coupled to and located over each array 10a, 
10b to protect the mirrors 30. A chip or chips 81 can then be coupled to the bonding sites 88. 
Each chip 81 may then be coupled to the associated bonding site 88, such as by flip chip bonding 
or other coupling processes, and the chip 81 and/or bonding sites 88 may be under filled in a 
well-known manner. Each array 10a, 10b can then be located in or formed as part of an optical 
cross-connect engine. 

Although Figs. 9-11 illustrate a process for coupling upper 34 and lower 66 wafers 
together to form a micro mirror array, it should be understood that the singulation process 
described herein, which may be implement using offset cavities or etching, can be utilized to 
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singulate nearly any desired micromachine, micro device, microelectromechanieal structure, and 
the like. 

As can be seen from the manufacturing process as described above, the lower wafer 66 
and upper wafer 34 may each be at least partially premanufactured and tested before they are 
joined together. Further, the chips 81 can be manufactured or acquired separately. This modular 
manufacturing provides greater flexibility in manufacturing the mirror array 10 and raises the 
overall yield of the arrays 10. For example, a number of upper 34 and lower 66 wafers can be 
premanufactured and tested according to varying specifications, and the premanufactured and 
approved upper 34 and lower 66 wafers can then be stored. A number of chips 81 having 
varying specifications can also be manufactured or acquired and tested. When an order for an 
array 10 is received from a customer, the upper 34 and lower 66 wafers and chips 81 that 
correspond to the parameters of the desired array can then be obtained, joined together and 
processed to completion. Furthermore, premanufacturing the wafers 34, 66 and chips 81 enables 
any faulty wafers 34, 66 or chips 81 to be detected and disposed of before they are coupled 
together which thereby increases the overall yield of the array manufacturing process. 

Figs. 12-14 illustrate one method for coupling the upper 34 and lower 66 wafers together, 
such as during the step shown in Fig. 9 above. For ease of illustration, Fig. 12-14 illustrate two 
generic wafers 200, 202 being coupled together, although it should be understood that the wafers 
200, 202 can correspond to the upper 34 and lower 66 (as well as any other wafers which are 
desired to be coupled). 

The wafers 200, 202 may first be cleaned and an adhesion promoter may be applied to 
the wafers 200, 202. A layer of benzocyclobutene ("BCB" trade name CYCLOTENE® 4024-40 
manufactured by the Dow Chemical Company of Midland, Michigan), which is a negative tone 
photoresist, 204 may be applied to at least one of the wafers 200, 202, such as by spinning the 
BCB layer 204 thereon. (Fig. 12). Materials other than BCB may also be used as the bonding 
layer 204. For example, polyimide, SU8 (a negative, epoxy-type, near-UV photoresist based on 
EPON SU-8 epoxy resin sold by Shell Chemical), or other patternable or photopatternable 
adhesives with a low cure temperature may be used. The layer 204 may be spun to any desired 
thickness, such as a thickness of between about 0.25 microns or less and about 20 microns or 
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more, and in one embodiment the layer 204 has a thickness of about 4.5 microns. 

Next, the layer 204 may be exposed to a "soft bake" to at least partially harden the layer 
204 for subsequent photopatterning. In one embodiment, the soft bake includes exposing the 
wafer 200 to a temperature of about of about 75°G for about 180 seconds. However, the soft 
bake may be carried out for sufficient time and under sufficient temperatures until the layer 204 
is sufficiently hardened or cured to allow photopatterning of the layer 204, while still allowing 
sufficient solvents to remain in the layer 204 for subsequent bonding. The soft bake elevates the 
glass transition temperature of the BCB for safe handling at room temperature. 

Next, the layer 204 may be patterned by, for example, exposing portions of the layer 204 
which are desired to remain to electromagnetic (i.e. UV) radiation while shielding portions of the 
layer 204 which are not desired to be removed from the radiation. The UV radiation initiates 
crosslinking in the exposed portions of the layer 204 while the shielded portions of the layer 204 
are protected, such as by a mask, from the radiation to prevent crosslinking. In this case, any 
portions of the wafer 200 (or wafers 34,. 66) which are desired to be contacted and adhered to the 
wafer 202 may be exposed to the radiation. The layer 204 may then undergo a pre-develop bake 
to further encourage crosslinking of portions of the layer 204 which are not desired to be 
removed. In one embodiment, the pre-develop bake may include exposure to a temperature of 
about 75°C for about 90 seconds. However, the pre-develop bake may be carried out for 
sufficient times and under sufficient temperatures until the portions of the layer 204 which are 
desired to remain are sufficiently crosslinked. 

The non-crosslinked portions of the layer 204 may then be removed in a develop process 
using a puddle or immersion developer process. The wafer 200 may then be dried thereby 
resulting in the wafers 200, 202 shown in Fig. 13. The wafer 200 may then be cleaned in a 
"descumming" process to remove any residual, dilute BCB on the wafer 200. 

The layer 204 may then be allowed to cure at room temperature (i.e. about 68°F or 20°C) 
for about 8 hours. However, this BCB cure step may be carried out for sufficient times and 
under sufficient temperatures to raise the glass transition temperature of the layer 204 to provide 
a stable BCB layer 204 and control reflow of the layer 204 during subsequent processing (except 
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for during bonding). This BCB cure step further elevates the glass transition temperature of the 
layer 204 in preparation of bonding. 

The wafers 200, 202 may then be placed into contact in the desired orientation and 
pressed together for bonding (Fig. 14). In one embodiment, the bond is cured by exposing the 
wafers 200, 202 to temperature of about 250°C under a force of about 1001b for about 30 
minutes. However, this bond cure step may be carried for sufficient times and under sufficient 
temperatures and pressures until the portions of the layer 204 form a sufficient bond between the 
wafers 200, 202. 

Thus, BCB layer 204 provides a photopatternable adhesive for the wafers 200, 202 so 
that the adhesive 204 can be easily patterned and arranged in the desired mariner. Further, the 
layer 204 can be easily deposited, provides wafer rework capabilities and is generally 
homogeneous. 

BCB or other similar materials can also be used as a passivation or electrical isolation 
layer. For example, as shown in Fig. 15, a BCB passivation layer 206 can be located over any 
conductive portions or layers which are desired to be isolated, such as a metallic interconnect 
layer 208. The passivation layer 206 can be located on the wafer 200/interconnect layer 208 and 
spun to form an even coating having nearly any desired thickness. The soft bake and photo 
patterning steps described above in the context of Figs. 12-14 may then be used so that undesired 
portions of the passivation layer 206 are removed. For example, the passivation layer 206 may 
be etched to form a via 210 to expose at least a portion of the metal interconnect 208. 

The passivation layer 206 may then be "hard" cured to generally fully cure the BCB and 
generally drive out any solvents to provide a hard, stable passivation layer 206. The hard cure 
may raise the glass transition temperature of the passivation layer 206 beyond bond temperatures 
so that any subsequent bonding steps involving the wafer 200 do not affect or cause reflow of the 
passivation layer 206, and so that the passivation layer 206 is generally insensitive to light and 
generally inert to BCB ancillary chemical and etchants. 

If desired, leads 212 (Fig. 16) may then be deposited onto the passivation layer 206 and 
in contact with the metal interconnect 208. Of course, various other steps, etching, 
manufacturing, processing and the like can occur at this stage as well. Next, a bonding layer 204 
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(such as BCB) may be located on top of the passivation layer 206. The bonding layer 204 may 
then be etched, baked, cured, and otherwise processed as described above in order to enable the 
wafer 202 to be coupled to the wafer 200. Fig. 17 illustrates the bonding layer 204 after etching. 

Wafer 202, which is desired to be coupled to wafer 200, may then be provided, as shown 
in Fig. 18. In the illustrated embodiment, wafer 202 includes a plurality of cutouts or notches 
219 formed therein, with each notch being sized and located to receive a portion of the BCB 
bonding layer 204 therein. The wafer 202 may then be located on top of passivation layer 206 
and the bonding layer 204, as shown in Figs. 18 and 19. Heat and temperature are then applied 
to the wafer stack to bond the wafer 202 to the wafer 200 as described above in the context of , 
Fig. 14. The wafer 200 may be bonded to the wafer 202 at a temperature above the glass 
transition temperature of the bonding layer 204, but below the glass transition temperature of the 
passivation layer 206. 

The passivation layer 206 may be located between any portions of the wafers 200, 202 to 
ensure that the wafers 200, 202 remain electrically isolated due to the dielectric qualities of BCB. 
For example, the lower or bond surface 232 of the wafer 202 contacts the passivation layer 206, 
instead of the lead 208. In this manner, the passivation layer 206 electrically isolates the wafer 
202 from the lead 208, and from the wafer 200. Thus, the layer 206 can be used as a passivation 
layer. 

It should be understood that the bonding and bonding/passivation step shown in Figs. 15- 
19 may be used for nearly any wafer or wafer portions. In particular, the bonding and 
bonding/passivation method as disclosed therein may be used in any microstructure to couple 
and/or passivate a microstructure or various portions of a microstructure. Such microstructures 
may, in one embodiment, include the array 10 disclosed herein, but the processes disclosed 
herein can also be used with a wide variety of other microstructures beyond the array 10, 
including a wide variety of sensors or actuators. 

Having described the invention in detail and by reference to the preferred embodiments, 
it will be apparent that modifications and variations thereof are possible without departing from 
the scope of the invention. 

What is claimed is: 
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